The behaviour of slightly oxidized virgin and refined soybean oils during in vitro digestion was studied by 1 H nuclear magnetic resonance ( 1 H NMR) and solid phase microextraction-gas chromatography/mass spectrometry.
Introduction
Knowledge of the processes undergone by food components during digestion represents a great challenge due to their health-related implications and to the multitude of factors that can influence the course of such processes. In this regard, lipids deserve special attention since they are vehicles of both major and minor essential nutrients that are exposed to different types of reactions along the gastrointestinal tract. These may include hydrolysis, oxidation or interactions with other food components, [1] [2] [3] [4] which will finally determine not only the bioaccessibility of these nutrients but also the nature of the compounds present in the food bolus. With regard to oxidation reactions, their occurrence throughout the digestion process has been demonstrated by several authors. [5] [6] [7] [8] As a consequence, the nutritional quality and safety of food can be adversely affected, since not only losses of essential lipophilic nutrients like polyunsaturated fatty acids or certain antioxidants can occur, 3, 6, 9 but also compounds with negative biological implications, such as oxygenated α,β-unsaturated aldehydes, 10 could be generated. 5 In this context, the unsaturation degree of lipids and their oxidation extent have been found to affect the oxidation progress throughout digestion. 1 H NMR allows one to study simultaneously the lipolysis degree, the oxidation extent and the evolution of γ-T through the in vitro digestion of the selected oils. This technique is able to provide information about oxidation products that can be either bound or unbound to acyl groups. SPME-GC/MS, in turn, constitutes a complementary and very useful tool that, thanks to its higher sensitivity and specificity, makes it possible to obtain further information in relation to the occurrence of oxidation and even to confirm the results obtained by using 1 H NMR.
Materials and methods

Samples subjected to in vitro digestion
The samples subjected to in vitro digestion were two slightly oxidized commercial soybean oils: one virgin (VSx) and the other refined (RSx). They were obtained after submitting the corresponding fresh oils to accelerated storage conditions, as in previous works. 16, 17 To this aim, 10 g of each of the fresh oils were weighed in glass Petri dishes of 80 mm diameter and placed in a convection oven (Memmert GmbH+Co, Schwabach, Germany) at 70°C with circulating air for 4 and 5 days in the case of the virgin and the refined oils respectively, in order to obtain oils with a similar oxidation degree. In addition, samples were prepared by mixing each of these two slightly oxidized oils with two different proportions of ovalbumin; 0.26 g of ovalbumin per g of oil in the samples with the low level of ovalbumin (VSx + LO and RSx + LO) and 2.6 g of ovalbumin per g of oil in the ones with the high ovalbumin proportion (VSx + HO and RSx + HO), this latter corresponding to a dose previously used in another study. 4 Food grade ovalbumin was acquired from a protein manufacturer (Apasa SA, Astigarraga, Spain).
In vitro digestion
Samples (0.5 g) of the two oils, both in the absence and in presence of ovalbumin, were digested following the same procedure as in previous works, 6, 7 based on the static in vitro gastrointestinal model developed by Versantvoort, Oomen, Van de Kamp, Rompelberg and Sips; 18 this was slightly modified in our laboratory in order to reach a higher level of lipolysis. 19 This in vitro digestion model involves a three-step procedure to simulate digestive processes in the mouth, stomach, and small intestine, by sequentially adding the corresponding digestive juices. More details about the in vitro digestion procedure can be found in the ESI. † All the reagents used were acquired from Sigma-Aldrich (St Louis, MO, USA). Two digestion experiments, each including duplicate samples of the two studied oils, were performed. Blank samples corresponding to the mixture of juices submitted to digestive conditions were also taken for further analysis.
Lipid extraction of the digestates
Lipids of the digestates were extracted using dichloromethane as solvent (HPLC grade, Sigma-Aldrich) and following the same methodology as in previous studies, 20 which involves a three-stage liquid-liquid extraction process with 20 ml of dichloromethane each. Afterwards, to ensure a complete protonation of fatty acids and/or the dissociation of the potential salts formed, the remaining water phase was acidified to pH 2 with HCl (37%) and a second extraction was carried out, also in three steps. 6, 7 Given that in the case of the samples with a high proportion of ovalbumin a strong emulsion is formed when mixing the digested sample with the extraction solvent, which makes it difficult to separate the aqueous and lipid phases, the extraction was performed with the aid of a centrifuge in order to break up this emulsion. For this purpose, a Sigma 3 K30 centrifugal machine working at 10 000 rpm was used (Sigma Laboratory Centrifuges, Germany), each extraction step lasting 10 min. This same extraction procedure was used for all the samples, without any differences in extraction efficiencies achieved when using either centrifugation or extraction with separating funnels in the case of the samples without ovalbumin and with a low proportion of this protein.
All the dichloromethane extracts of each sample were mixed and the solvent was eliminated by means of a rotary evaporator under reduced pressure at room temperature, in order to avoid lipid oxidation. Afterwards, these extracts were stored at −80°C until their analysis.
ponding digestates (DVSx and DRSx), and of the extracts obtained from the digestates of the oil samples containing a low proportion of ovalbumin (D(VSx + LO) and D(RSx + LO)), and a high proportion of this protein (D(VSx + HO) and D(RSx + HO)) were acquired in quadruplicate using a Bruker Avance 400 spectrometer operating at 400 MHz. For this purpose, the above-mentioned lipid samples (approximately 0.16 g) were dissolved in 400 µl of deuterated chloroform, which contained tetramethylsilane (TMS) as internal reference (Cortec, Paris, France). The acquisition conditions were the same as those used in previous studies. 21, 22 2.4.2. Identification of some lipid components. The identification of the oil acyl groups, of partial glycerides, of γ-T and of the oxidation products present in the various samples was carried out on the basis of the signal assignments shown in Table S1 (see ESI †), made from bibliographic data and with the aid of several standard compounds. These were: γ-T, acquired from Sigma-Aldrich, and cis-(12,13)-epoxy-9 (Z),15(Z)-octadecadienoic acid, acquired from Cymit Quimica (Barcelona, Spain).
2.4.3. Quantification from 1 H NMR spectral data. Bearing in mind that the area of each 1 H NMR spectral signal is proportional to the number of protons that generate it, and that the proportionality constant is the same for all kinds of protons, the area of some spectral signals can be employed to quantify: (i) the molar percentages of the different types of glycerides; (ii) the molar concentrations of linolenic and linoleic acyl groups + fatty acids, referring to the total of acyl groups + fatty acids; (iii) the molar concentration of γ-T, referring to the total of acyl groups + fatty acids; and (iv) the molar concentrations of several oxidation compounds present in the starting oils and/or in the lipid extracts of the digestates, referring to the total of acyl groups + fatty acids, following the procedures indicated below. Various types of glycerides and glycerol. The molar percentages of triglycerides (TG%), diglycerides (1,2-DG% and 1,3-DG%), monoglycerides (2-MG% and 1-MG%) and glycerol in relation to the total number of glyceryl structures present in the lipid samples were determined using the equations developed and validated in previous studies. 20, 23 All these equations are given as ESI (see eqn (S1)-(S10) †).
Another parameter relating to lipolysis extent can also be determined from the data relative to the different types of glycerides, namely lipid bioaccessibility (L BA ). This takes into account only the molecules that are directly absorbable, monoglycerides and fatty acids, in relation to the total number of acyl groups + fatty acids present in the sample. This parameter was calculated by using eqn (S11) and (S12). † Lipid composition. The concentrations of linolenic and linoleic acyl groups + fatty acids were estimated in millimoles per mole of the sum of acyl groups + fatty acids (mmol mol −1 AG + FA), both in the starting oils and in the lipid extracts of the digested samples, by using eqn (S13) and (S14). † Oxidation compounds. The molar concentrations of the different types of oxidation products present in the starting oils and in the lipid extracts of the digested samples, referring to the total of acyl groups + fatty acids and expressed as mmol mol −1 AG + FA, were also estimated as in a previous study 4 by using eqn (S15). † It must be noticed that, as shown in Fig. S1 for D(VSx + HO) (see ESI †), in the case of the samples digested with a high ovalbumin proportion, signals coming from the protein used are perceived in the 1 H NMR spectra of their corresponding digestates. Some of these overlap with the signals used to estimate both the concentration of epoxides giving signal at 2.9 ppm (see signals "e1-e4" in Table S1 †) and the molar percentages of 1,3-DG and TG (see signals "M" and "O", respectively), so their contribution must be subtracted, especially in the case of epoxides. For this purpose, ovalbumin was added to the digestive juices after undergoing the digestion process and this mixture was extracted in the same way as the rest of digested samples; the relative areas of the different ovalbumin signals can be determined from the corresponding 1 H NMR spectrum, free of lipids. This enables one to subtract the area of the signals overlapping with those of lipid components in the spectra of the extracts obtained from the digested oil samples taking as a reference the signals that do not overlap with one another (see Fig. S1 †). It is worth noticing that while some signals coming from ovalbumin also overlap with those of bis-allylic protons (signals "H + G"), their area is very small in relation to that of the latter, and so can be ignored. γ-T. The concentration of γ-T was estimated from signal "h" (see Table S1 †), in the same way as described for oxidation compounds (see eqn (S16) †).
2.5. Study of oxidation during in vitro digestion by SPME-GC/MS 2.5.1. SPME analysis. The extraction of the volatile components of the several digestates (0.5 g in 10 ml screw-cap vials) was carried out automatically by using a CombiPAL autosampler (Agilent Technologies, Santa Clara, CA, USA), in the same way as in previous works. 4, 6, 7 Given that the nature of the samples subjected to the digestion process (oil samples) is very different from that of the digestates (with a basically aqueous matrix), it is necessary to prepare mixtures of the non-digested oils with the digestive juices after being submitted to the digestion process, in the same proportions as in the digestates; this enables one to make an adequate assessment by SPME-GC/MS of the changes taking place throughout the in vitro digestion process. Therefore, the samples subject of study, which were analyzed in duplicate, were the following: (i) the digestates both of the slightly oxidized soybean oil samples (DVSx and DRSx), and of the slightly oxidized oil samples plus ovalbumin at the two levels of concentration (D(VSx + LO), D(RSx + LO), D(VSx + HO) and D(RSx + HO)); (ii) the digestive juices after being submitted to digestion conditions (DJ); and (iii) the mixtures made up of the starting oils and DJ (VSx + DJ and RSx + DJ).
The fiber used, coated with divinylbenzene/carboxen/ polydimethylsiloxane (DVB/CAR/PDMS, 50/30 μm film thick-ness, 1 cm long), was acquired from Supelco (Sigma-Aldrich); this was inserted into the headspace of the sample and was maintained for 55 min at 50°C, after a pre-equilibration time of 5 min.
GC/MS study
Operating conditions. The fiber containing the extracted components was desorbed for 10 min in the injection port (splitless mode with 5 min purge time) of a 7890A gas chromatograph equipped with a 5975C inert MSD with Triple Axis Detector (Agilent Technologies) and a computer operating with the ChemStation program. The column used was a fused-silica capillary column (60 m long × 0.25 mm inner diameter × 0.25 μm film thickness, from Agilent J&W Advanced Capillary GC Columns), coated with a non-polar stationary phase (HP-5MS, 5% phenyl methyl siloxane). The operating conditions were as follows: the oven temperature was set initially at 50°C (5 min hold) and increased to 290°C at 4°C min −1 (2 min hold); the temperatures of the ion source and of the quadrupole mass analyser were kept at 230°C and 150°C respectively; helium was used as carrier gas at a pressure of 18.611 psi; injector temperature was held at 250°C; mass spectra were recorded at an ionization energy of 70 eV, and the data acquisition mode employed was scan. In order to avoid carry-over problems between samples, after each run the fiber was submitted to heating at 250°C for 20 min in the Fiber Cleaning and Conditioning Station of the CombiPAL autosampler.
A reference sample of known composition was periodically analyzed in order to verify not only the extraction efficiency and repeatability of the SPME fiber but also the performance of the equipment.
Identification of the compounds present in the headspace of the samples. Most of the components were identified by using commercial standards, acquired from Sigma-Aldrich. These were: pentanal (base peak: 86), hexanal (100), heptanal (114),
When standards were not available, matching of the mass spectra with those obtained from scientific literature or from a commercial library at higher than 85% (Wiley W9N08, Mass Spectral Database of the National Institute of Standards and Technology (NIST)), was taken as identification criterion.
Semi-quantification of the compounds present in the headspace of the samples. This was based on the area counts of the base peak (Bp) of the mass spectrum of each compound divided by 10 6 . When the Bp of a compound overlapped with the same ion peak of the mass spectrum of another compound, an alternative ion peak was selected for the semi-quantification of the former. The area counts thus determined are useful for the comparison of the abundance of each compound in the different samples.
Statistical analysis
The significance of the differences between the various determinations made among the samples was determined by oneway variance analysis (ANOVA) followed by Tukey b test at p < 0.05, using SPSS Statistics 24 software (IBM, NY, USA).
Results and discussion
Characterization of the starting oil samples
As mentioned in section 2.1, the samples selected for the study were two slightly oxidized soybean oils: one virgin and the other refined. The concentrations of their polyunsaturated acyl groups (linolenic and linoleic), and of some oxidation compounds, all of them determined by 1 H NMR and expressed in mmol mol −1 AG + FA, are given in Tables 1 and 2 , respectively. Table 2 small amount of hydroxy (Z,E)-conjugated dienes can also be noticed in the virgin oil (signal "a" in Fig. 1 ). The concentrations of tocopherols and squalene are higher in the oxidized refined oil than in the oxidized virgin oil, and the opposite is true for free fatty acids (see Table S2 in the ESI †).
Extent of lipolysis through the in vitro digestion
3.2.1. Lipolysis in the samples digested without ovalbumin. As one would expect, the main glyceride structures present in the non-digested oils were TG, together with a much lower proportion of 1,2-DG. This can be observed in Table 3 , which shows the molar percentages of the several kinds of glycerides and of glycerol, in all the studied samples before and after digestion, in relation to the total number of Table S1 , † considering that "e" includes signals "e1-e4" and "f" signals "f1 + f2". Signals marked with an asterisk are considered to come from the ovalbumin sample used. The plots corresponding to the same 1 H NMR spectral region are presented at a fixed value of absolute intensity, for them to be valid for comparative purposes.
and flaxseed; 7 and the same can be said of the relative proportions of the different types of partial glycerides generated during the lipolytic process. Of these, 2-MG and 1,2-DG are the most abundant, while the molar percentages of 1-MG and 1,3-DG are much lower. However, the TG molar percentages in the digested samples are higher than those found when the same unoxidized soybean oils were digested, which were close to 22%. 15 The lower hydrolysis extent found in the oxidized oils, which is in agreement with the findings of other authors, 24, 25 could be explained by decreased lipase activity due to the incipient oxidation level of the samples. In fact, it has been reported that hydroperoxides, present in the oxidized oil samples of this work (see section 3.1), could react with amino acid residues of proteins, 26, 27 which could lead to a decrease in their functionality in the case of enzymes. Thus, decreased activity of several digestive enzymes, including porcine pancreatic lipase, which is the main lipase used in this study, due to their reaction with lipid hydroperoxides has been reported by some researchers. [28] [29] [30] In addition, other authors 31 have described that the presence of dimers and polymers generated due to lipid oxidation impairs TG hydrolysis by negatively affecting the activity of pancreatic lipase; however, this type of oxidation products has not been determined in the present work. The lower lipolysis degree achieved in the digestates of the oxidized oil samples here studied when compared with those of their respective fresh oil samples 15 is also noticed in the lower molar percentage of glycerol in the former (23.12 and 20.14% in the virgin and in the refined oil samples, respectively) than in the latter (near 30%). 3.2.2. Lipolysis in the samples containing ovalbumin. The addition of a low proportion of ovalbumin (0.26 g ovalbumin per g of oil) to the slightly oxidized soybean oil samples does not cause significant variations in the lipolytic process, as can be seen in Table 3 . However, in the samples containing a high level of this protein (2.6 g per g of oil), a very high lipolysis degree is achieved; this can be observed in Table 3 , which shows percentages of remaining TG of 5.26% and 7.27% in the digestates of the virgin and the refined oil samples, respectively. The great increment observed in lipolysis could be due to the emulsifying effect of the ovalbumin added, 32 possibly increased during in vitro digestion due to proteolysis; 33 this is expected to improve the dispersion of the oil into the aqueous phase and to reduce the oil droplets size, thus increasing the lipid area exposed to the action of lipases. It must also be highlighted that the lipolysis extent in the samples digested with a high ovalbumin proportion was considerably higher even than that achieved after the in vitro digestion of the same unoxidized soybean oils. 15 Therefore, in the light of these findings, one could conclude that the presence of this high level of ovalbumin clearly favours lipid digestion by improving lipolysis and, in consequence, the bioaccessibility of some lipophilic nutrients. These outcomes confirm those results observed in previous works concerning the effect of the same ovalbumin proportion here tested on the lipolysis degree of slightly oxidized sunflower and flaxseed oils. 4, 6, 7 Another noteworthy fact about the samples digested with a high proportion of ovalbumin is the important surge in the molar percentage of 2-MG in comparison with the rest of the digested samples. This reveals that, despite the high extent of TG hydrolysis observed in these samples, the increased lipolytic process does not seem to go beyond 2-MG; consequently, a great increase in glycerol molar percentage is not observed (see Table 3 ). The buffer capacity of ovalbumin might be involved in this finding, since it has been reported that a more alkaline pH in aqueous media can restrict the isomerization reactions of 2-MG to 1-MG; 34 this would limit the MG hydrolysis to give rise to glycerol and fatty acids, since pancreatic lipase acts specifically on 1-MG. 35 In this sense, it is worth mentioning that a higher pH was found during the gastric stage of the in vitro digestion process of the samples with a high proportion of ovalbumin in comparison with the rest of the samples. This potential influence of pH, coupled with the higher hydrolysis of TG, and by extension, of 1,2-DG, might explain the accumulation of 2-MG; however, the influence of other factors should not be discarded either. This high proportion of 2-MG could in turn also contribute towards favouring the lipolytic process to a certain extent since, according to some authors, 36 monoglycerides are highly surface-active products that can help to decrease the mean droplet diameter. With respect to the molar percentages of 1,2-DG and 1,3-DG, these are somewhat higher and lower, respectively, than in the samples digested without ovalbumin and with a small proportion of this protein. These outcomes might be a consequence of the enhanced lipolysis degree reached when digestion is performed in presence of a high ovalbumin level.
Lipid bioaccessibility
Of the parameters employed to evaluate the extent of lipolysis, lipid bioaccessibility (L BA ) can be considered of particular interest, since it indicates the proportion of absorbable molecules (fatty acids and MG) with respect to the sum of acyl groups + fatty acids. 3 While the addition of a low proportion of ovalbumin does not affect this parameter (see Table 3 Table 1 , together with those corresponding to the starting oils. Comparing the data before and after the in vitro digestion process, both in the absence and in presence of the two different ovalbumin proportions, statistically significant changes are not noticed. This reveals that, despite the initial oxidative degradation of the soybean oils here studied, oxidation occurrence during in vitro digestion cannot be inferred from acyl group degradation. However, this does not mean that some oxidation, undetectable through variations in the concentrations of polyunsaturated groups determined from 1 H NMR spectral data, has not taken place.
Study of the changes in the oxidation product profile caused by in vitro digestion
Evolution of hydroperoxide concentration. The in vitro digestion process causes a diminution in the concentration of hydroperoxides initially present in the oil samples, monitored through their associated conjugated dienes, this being more pronounced for the hydroperoxy-(E,E)-isomers than for the (Z,E)-ones (see Fig. 1 and Table 2 ). This does not necessarily mean that hydroperoxides are not generated during in vitro digestion, but that the rate of transformation overtakes that of formation. The same is observed when the samples are digested in presence of ovalbumin. However, while a low proportion of this protein does not significantly affect the hydroperoxide levels found after digestion, a more pronounced decline in the concentration of conjugated (Z,E)-, and especially of (E,E)-hydroperoxy-dienes occurs in the samples digested with a high ovalbumin proportion in comparison with the rest of digested samples.
At this point, it is worth noticing that conflicting results can be found about the stability and evolution of hydroperoxides in the gastrointestinal tract, as discussed by Márquez-Ruiz and coworkers. 24 Thus, according to some authors, 37, 38 hydroperoxides decompose in the stomach giving rise to other oxidation products, while other researchers have proved that hydroperoxides can reach the intestine and then be absorbed. 39 In our case, although hydroperoxide concentration diminishes during digestion, some part of them remains in the digestates. Formation of conjugated hydroxy-dienes. The generation of both conjugated (Z,E)-and (E,E)-hydroxy-dienes during digestion is observed in all the studied samples (see Fig. 1 , signals "a" and "d", and Table 2 ). This suggests that a small part of the hydroperoxides present in the starting oils is reduced to hydroxy-dienes during digestion. Actually, the reduction of hydroperoxides to hydroxides throughout this process has also been reported previously both in vitro 6 and in vivo. [37] [38] [39] While an increase of a similar order is observed in the concentration of conjugated hydroxy-dienes in the digestates of oils without or with a low proportion of ovalbumin, this increase is noticeably greater in the digestates of the oils with a high ovalbumin level. This confirms previous findings 4 and evidences the reducing effect of this protein.
Generation of epoxides. The concentration of epoxides exhibits an increment after digestion in all the studied samples (see Table 2 ), of a similar order in both types of soybean oils. This is due to an increase in the levels of the epoxides initially present in the starting oils, but also to the formation of other types of compounds, also tentatively identified as epoxides, which give signal "f" (see Fig. 1 ). Therefore, although hydroperoxides and aldehydes are generally employed to assess the occurrence of lipid oxidation under diverse conditions including gastrointestinal ones, 8, 9 epoxides should not be ignored as oxidation markers; this reinforces previous findings of this research group, since the generation of epoxides under in vitro digestion conditions had also been observed in slightly oxidized flaxseed oil. 7 In line with all the above mentioned, the generation of epoxides during digestion does not seem to be influenced by a low ovalbumin concentration. However, a less pronounced increment of the level of epoxides is noticed when a high proportion of ovalbumin is present in the system (see Table 2 ).
Generation of aldehydes. As could be expected, taking into account that a depletion in hydroperoxide concentration is observed in the digested samples, aldehydes are generated during digestion. This is evidenced by the appearance of signals of n-alkanals in the spectra of all the digested samples (see signal "g" in Fig. 1) ; their estimated concentrations are displayed in Table 2 . The generation of n-alkanals during the in vitro digestion of slightly oxidized flaxseed oil was also reported in a previous study. 7 Although the concentration of aldehydes found after digestion is not significantly affected by the low ovalbumin proportion tested, similarly to that commented on epoxides, lower levels of saturated aldehydes are observed after the digestion of the samples containing a high ovalbumin proportion. It is worthwhile mentioning that, as Table 2 shows, in all cases aldehydes are present in lower concentrations than epoxides. In summary, the in vitro digestion of the slightly oxidized soybean oils and of these oils with a low ovalbumin level provokes very similar changes in the oxidation product profile of the starting oils. By contrast, when this protein is present in a high concentration, the reduction of hydroperoxides to hydroxy-dienes seems to be favoured over other reactions leading to the generation of epoxides and aldehydes. However, the lower concentrations of epoxides and saturated aldehydes in the samples digested with a high ovalbumin proportion in comparison with the rest of digested samples might also be due to their reaction with some amino acid residues of ovalbumin. 27, 40 3.5. Assessment of lipid oxidation through in vitro digestion by SPME-GC/MS The SPME-GC/MS analysis of the samples provides information about specific volatile compounds that can reveal the occurrence of different types of reactions, including oxidation. Among the several classes of volatile compounds present in the studied oils, interest was focused on aldehydes and 2-pentyl-furan. The compounds detected in the various digested samples and their respective abundances, expressed as arbitrary area units of the mass spectra base peak (see section 2.5.2), are displayed in Fig. 2 , together with the data related to the reference samples prepared from the starting oils (see section 2.5.1), and to the digestive juices after being submitted to digestion conditions. The total abundances of each group of aldehydes are shown in Table 4 .
As Fig. 2 shows, the reference samples already contain aldehydes, both saturated (n-alkanals) and unsaturated ((E)-2-alkenals and 2,4-alkadienals). Among n-alkanals, hexanal (Hx) stands out both in the virgin and in the refined oils due to its high level ( Fig. 2A and B, respectively) , probably as a consequence of some linoleic group oxidation. 41 Regarding (E)-2- alkenals and 2,4-alkadienals, the most abundant ones (apart from (E)-2-butenal, 2B, coming basically from the digestive juices) are (E)-2-octenal (2O), (E)-2-heptenal (2Hp), (E,E)-2,4-nonadienal (EE-N) and (E,E)-2,4-decadienal (EE-D), mainly arising from the degradation of linoleic groups, as well as 2,4-heptadienals (ZE-H and EE-H), generated due to linolenic acyl group oxidation. 41 In addition to aldehydes, 2-pentyl-furan was also present in the samples studied.
When it comes to the digested samples, it can be observed in Fig. 2 that both in the samples digested without ovalbumin and with a low proportion of this protein, concentration of most n-alkanals increases significantly after in vitro digestion. However, for hexanal and nonanal (in this latter case only in the refined oil) the increase is less pronounced in the samples with a low ovalbumin level. By contrast, when a high ovalbumin proportion is present in the system, hexanal is the only n-alkanal that exhibits a concentration increase after digestion, while the rest either remain unchanged or show a decrease in relation to the non-digested samples (see Fig. 2 ). In fact, the total concentration of saturated aldehydes in the samples digested with a high ovalbumin proportion is lower than in the rest of digested samples (see Table 4 ). These findings follow the lines of those above obtained by 1 H NMR.
With regard to unsaturated aldehydes, the concentration of most (E)-2-alkenals and of all 2,4-alkadienals also increases after digestion in the samples digested without ovalbumin (see Fig. 2 ), although the global concentration increment of each group of unsaturated aldehydes is not as marked as in the case of the saturated ones (see Table 4 ). It must be highlighted that although 1 H NMR analysis does not allow one to notice the generation of unsaturated aldehydes, it is evidenced by SPME-GC/MS; this might be explained by their lower abundance in comparison with that of n-alkanals in the digested samples (see Table 4 ).
The same trend is observed in the samples digested with a low proportion of ovalbumin, where, as in the case of some n-alkanals, the overall increases of both types of unsaturated aldehydes are not so generally marked as in the samples digested without ovalbumin (see Table 4 ). However, in contrast to these findings, in the samples digested with a high ovalbumin proportion, the concentrations of (E)-2-alkenals and 2,4-alkadienals generally diminishes after digestion (see Fig. 2 and Table 4 ); this reinforces the idea noted above that reactions between aldehydes and ovalbumin take place during digestion. In this respect, the reaction of (E)-2-alkenals with proteins is a well documented issue. 42 A reduction in aldehyde concentration during the in vitro digestion of other types of slightly oxidized highly unsaturated oils in presence of a high protein proportion was also observed in a previous work, 4 but in that case data concerning the non-digested samples were not reported, so a direct comparison between these and the samples digested in presence of protein could not be made.
Comparing the effect of the high proportion of ovalbumin on the concentration of the various classes of aldehydes after digestion, and taking as a reference their respective levels in the samples digested without ovalbumin, it is noticeable that, in general, a more pronounced decrease is observed for the unsaturated aldehydes (see Table 4 ). This seems to agree with the greater reactivity that could be expected from this type of aldehydes in comparison with the saturated ones. Thus, the level of each aldehyde after the digestion process will depend on the balance between its generation and its ability to react with the proteins present in the medium.
In line with observations made for aldehyde evolution, the concentration of 2-pentyl-furan also increases after digestion, to a similar extent in the samples digested without ovalbumin and with a low ovalbumin proportion (see Fig. 2 ). However, in agreement with previous findings, 4 the level of this compound is considerably lower in the samples digested with a high proportion of ovalbumin. Taking into account that, as far as we know, the ability of 2-pentyl-furan to react with proteins has not been described, this might be interpreted as that the presence of a high proportion of ovalbumin has exerted a certain antioxidant effect during digestion.
3.6. Evolution of γ-T during the in vitro digestion process monitored by 1 
H NMR
The main tocopherol in soybean oil is γ-T. 14 However, in these oxidized oils its presence could only be detected by 1 H NMR in the refined one (see signal "h" in Fig. 1 , due to one of the protons present in the γ-T chromanol ring), its concentration being low: 0.63 ± 0.06 mmol mol −1 AG + FA. After digestion, γ-T is only detected in the 1 H NMR spectrum of the sample digested with a high proportion of ovalbumin, although in a very low concentration (0.07 ± 0.01 mmol mol −1 AG + FA). This finding indicates, on the one hand, that, in agreement with previous results, 15 the bioaccessibility of γ-T diminishes during in vitro digestion, and on the other that the presence of a high proportion of ovalbumin in the system preserves the γ-T content of the starting oil to a certain extent, possibly due to a decrease in oxidative reactions.
Final remarks
In order to make an approximate assessment of the overall oxidation extent during the in vitro digestion of the two types of slightly oxidized soybean oils studied, the total amounts of oxidation products considered to be supported on long acyl group or fatty acid chains (hydroperoxides, hydroxy-dienes and epoxides), were compared before and after this process. According to these data, increments in the total concentration of the considered oxidation products of about 1 and 2 mmol mol −1 AG + FA in the case of the virgin and the refined oil samples, respectively, were observed after digestion. This suggests that, despite significant variations in acyl groups not being noticed after digestion (see Table 1 ), some oxidation seems to have taken place during this process. Although a clear development of oxidative reactions was noticed during the in vitro digestion of slightly oxidized flaxseed oil in a previous work, 7 it must be taken into account that it is more prone to oxidation than soybean oil simply due to its composition in acyl groups, 43 although their composition in minor components might also have some influence. However, the results found after the in vitro digestion of slightly oxidized sunflower oil 6 are not very different from those here observed. It is worth noticing that the small differences in the minor component profile of the slightly oxidized virgin and refined soybean oils relative to tocopherol, squalene and free fatty acid contents (see Table S2 †) do not seem to be enough to provoke noticeable variations in their behaviour under in vitro digestion conditions.
Conclusions
The results of this work reveal that the initial oxidation degree of the soybean oil samples studied leads to a lower lipolysis extent in comparison with non-oxidized oils studied before, reducing the bioaccessibility of the oil major components, which include some essential fatty acids like ω-3 ones. This lipolysis degree is not significantly affected by the lowest proportion of ovalbumin tested; however, the addition of a high ovalbumin level greatly enhances the action of lipolytic enzymes, improving lipid bioaccessibility.
Regarding oxidation, this does not seem to have occurred to a great enough extent for it to be detected from polyunsaturated acyl group degradation. Moreover, although the slight increase in the total concentration of oxidation products considered to be supported on acyl group or fatty acid chains after digestion might indicate some oxidation occurrence, the changes observed in the oxidation product profile of the digested samples seem to be mainly due to the transformation of the hydroperoxides initially present in the oils, to give hydroxy-dienes, epoxides and aldehydes. The fact that after digestion epoxides exhibit a greater concentration increase than aldehydes evidences that the assessment of lipid oxidation should not be based on only one group of oxidation products, but would require the determination of as many types of oxidation compounds as possible, among which epoxides should be included. While the presence of a low ovalbumin proportion during digestion does not significantly affect oxidation compound evolution, a high level of this protein favours the reduction of hydroperoxides to hydroxydienes over other type of reactions leading to the generation of epoxides and aldehydes. Notwithstanding, the decrease observed in the concentrations of hydroperoxides, epoxides and aldehydes might also be influenced by their reaction with the protein, and indeed, it has been evidenced by SPME-GC/ MS in the case of aldehydes.
Therefore, it is evident that a high proportion of ovalbumin, and possibly of other proteins, can play a key role in the digestion of lipids, especially in those showing a slight oxidation degree, increasing their absorbable fraction. In addition, the presence of a high proportion of ovalbumin not only increases γ-T bioaccessibility, but also contributes to reducing the concentration in the gastrointestinal tract of certain types of oxidation products that could exert negative effects, such as aldehydes and epoxides.
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